Abstract
Introduction
Renal anemia is a common complication of chronic kidney disease that negatively affects the patients' quality of life but also increases the risk of cardiovascular events and is associated directly and indirectly with various infections [1] [2] [3] . Thus, renal anemia clearly has a strong influence on prognosis. However, there are concerns about the adverse effects of treatment with erythropoiesis-stimulating agents (ESAs), including an increased risk of cardiovascular events and death [4] [5] [6] . Therefore, it is desirable to minimize the use of ESAs.
Carnitine is a derivative of the essential amino acids lysine and methionine (molecular weight 161). Biosynthesized primarily in the liver and kidney, carnitine is present in almost all tissues, particularly in skeletal and cardiac muscles. When renal function is normal, carnitine is filtered by the glomerulus and then reabsorbed in the renal tubule, resulting in stable carnitine levels in the body. Carnitine deficiency is a clinical condition wherein the body is unable to use long-chain fatty acids in tissues as an energy source because the interstitial carnitine content is low. A wide variety of symptoms can result from carnitine deficiency, including fat accumulation in the organs, hyperammonemia due to liver dysfunction, skeletal muscle weakness, and cardiomyopathy [7] . Apart from hemodialysis, certain anticonvulsants and antibiotics can also cause secondary carnitine deficiency [7] . In hemodialysis patients, carnitine imbalance or deficiency can result from insufficient intake, a decrease in carnitine biosynthesis, or removal of carnitine from the body during dialysis [8] . Carnitine is also thought to be associated with the maintenance of red blood cells, including maintenance of their numbers, substrate storage capacity, membrane lipid turnover, and protein construction.
Previous studies have explored whether carnitine supplementation in hemodialysis patients results in better function and longevity of the red blood cells, thus decreasing the need for ESA [9] [10] [11] . We previously reported that anemia, atherosclerosis, and cardiac activity were improved by oral levocarnitine therapy in hemodialysis patients [12] .
In the present study, we administered levocarnitine injections to hemodialysis patients, recorded the ESA dose per week, and calculated the erythropoietin responsiveness index (ERI) in order to examine whether carnitine was effective in correcting renal anemia.
Methods

Patients and Study Protocol
This randomized controlled clinical trial included patients (1) who underwent hemodialysis at our hospitals; (2) whose medical decisions were made at our hospitals; and (3) who were aged 20-85 years. The study excluded (1) patients who had previously taken levocarnitine in either oral or injected form; (2) patients who were taking any carnitine preparation as a supplement; (3) patients who had difficulty communicating owing to dementia or other factors; (4) patients with acute inflammation; (5) patients taking an immunosuppressive drug, steroid, or antibiotic; and (6) patients with a history of blood transfusion within the past 6 months. This prospective, open-label, randomized, parallel, controlled, multicenter trial screened 208 patients who were undergoing maintenance hemodialysis at our hospital. Sixty of these patients were selected to participate in the study and were randomly assigned to the levocarnitine group, which received levocarnitine injections ( n = 30), or to the control group, which did not receive injections ( n = 30). Randomization was carried out by dynamic allocation based on age, sex, hemodialysis vintage, hemoglobin level, and presence or absence of diabetes mellitus. Thus, we ensured that there were no significant differences in baseline characteristics between the 2 groups. An independent investigator with no prior knowledge of the participants monitored the randomization of participants based on entry order. Details of the assignments were then given to 6 independent investigators. All patients underwent hemodialysis or hemodiafiltration therapy 3 times per week in 4-h sessions at 3 Japanese blood purification centers. All patients included in the study received recombinant human eryth-ropoietin (rHuEPO) as an ESA. The patients in the treatment group additionally received levocarnitine 1,000 mg by injection 3 times weekly after dialysis. The patients were monitored for 12 months. According to the Japanese Society for Dialysis Therapy (JSDT) guidelines, iron deficiency is diagnosed according to the following criteria: transferrin saturation ≤ 20% and serum ferritin level ≤ 100 ng/mL [13] . In such patients, if there were no contraindications for iron preparations, 13 doses of 40 mg of saccharated ferric oxide solution were administered. At the end of dialysis, these agents were slowly administered via the venous side of the dialysis circuit.
Study Evaluations
We monitored the monthly average dosage of ESAs and assessed the relationship between the ESA dose per week and the responsiveness index of renal anemia. ERI (ESA dose · kg
) was defined as the average weekly units of ESA divided by clinical dry weight (in kg) and average blood hemoglobin (in g/dL) to normalize the amount of required ESA to the severity of anemia [14] . At the beginning of each week, a blood sample was obtained from each patient before dialysis began. Blood cell counts and levels of serum creatinine, serum urea nitrogen, albumin, electrolytes, total cholesterol, low-density lipoprotein cholesterol, triglyceride, serum iron, total iron binding capacity, and serum ferritin were measured by routine clinical chemistry procedures using commercial kits. High-sensitivity C-reactive protein and serum β 2 -microglobulin levels were measured by latex agglutination. Intact parathyroid hormone was measured by radioimmunoassay. These variables were evaluated at baseline and at 12 months (at the end of the study). N-terminal probrain natriuretic peptide levels were measured by the electro-chemiluminescence immunoassay method. The cardiothoracic ratio was measured by assessing the chest X-ray at baseline and at 12 months. In addition, we set the following endpoints: death, severe cardiovascular lesion, incapacity for oral intake, or the onset of a serious adverse event.
Echocardiography was conducted immediately after the midweek hemodialysis session to minimize any influence of the patient's hydration state at the beginning and end of the study. Echocardiography was performed using Vivid T7 ® (GE Healthcare, Tokyo, Japan). All patients were examined by a single trained cardiologist who was blinded to the documentation of the participants' clinical characteristics; examinations were conducted at baseline and after 12 months of levocarnitine treatment (or equivalent times for the control group) to determine the ejection fraction.
Statistical Analysis
Data were expressed as means ± standard deviations or medians (interquartile ranges) as appropriate. Continuous variables were compared by the Student t test or the Mann-Whitney U test, and categorical variables were compared by the χ 2 test or the Fisher exact test as appropriate to the data distribution. A repeatedmeasures analysis of variance was used to compare the values at baseline and at 6 and 12 months. Statistical significance was set at p < 0.05. All analyses were performed using the JMP version 12 software (SAS Institute Ltd., Cary, NC, USA).
Results
Baseline Demographic and Clinical Data
All enrolled patients remained in the study until the end of the trial. The patients' characteristics are described in Table 1 . The levocarnitine group included 21 men and 9 women, while the control group included 17 men and 13 women. The average duration of dialysis was 48 ± 77 months for the levocarnitine group and 52 ± 54 months for the control group. Diabetic nephropathy was the primary disease in 53% of the patients in the levocarnitine group and in 57% of the patients in the control group. There were no significant differences in the comorbidities, medications, and laboratory data between the 2 groups at baseline. At the start of the experiment, the mean phosphorus, corrected calcium, and intact parathyroid hormone values were all within the target management value of the chronic kidney disease-mineral and bone disorder guidelines from the JSDT [15] .
All enrolled patients completed the trial. During the study period, angiotensin receptor blocker treatment was interrupted in 1 patient, the angiotensin receptor blocker dose was Values are means ± standard deviations unless otherwise indicated. ERI, erythropoiesis resistance index; ESA, erythropoiesis-stimulating agent; IQR, interquartile range; LDL, low-density lipoprotein; NT-proBNP, N-terminal pro-brain natriuretic peptide; PTH, parathyroid hormone; RAS, renin-angiotensin system; TSAT, transferrin saturation. reduced in 1 patient, and the calcium channel blocker dose was reduced in 2 patients in the levocarnitine group. In the control group, angiotensin receptor blocker treatment was initiated and interrupted in 1 patient each, while the calcium channel blocker dose was increased in 1 patient and reduced in 1 patient. During the study period, none of the patients took β-blockers in the levocarnitine group or control group. In 1 patient in the levocarnitine group and 2 patients in the control group, the dose of vitamin D was increased during the study period because of secondary hyperparathyroidism. None of the patients required newly initiated vitamin D therapy. The dose of levocarnitine was 17.8 ± 2.9 mg/kg in a single dose, being 53.6 ± 8.9 mg/kg weekly in the levocarnitine group. None of the patients in the control group took any carnitine preparation as a supplement during the study.
Changes in Hemoglobin, Required ESA Dose, and ERI during the Study
Before treatment was initiated, there were no significant differences between the levocarnitine group and the control group in hemoglobin, ESA dose, or ERI ( Table 1 ) . Hemoglobin values were within the target values specified in the JSDT guidelines on anemia in chronic kidney disease treatment [13] . There was no significant difference in the distribution of ERI between the 2 groups. As shown in Figure 1 , there was no significant change in the hemoglobin level in each group during the study period, and no significant difference was noted between the 2 groups during the study period. Figure 2 shows the required ESA doses per week. In the levocarnitine group, the administration of ESA per week significantly decreased from 6,747 ± 4,562 units/week to 4,300 ± 3,231 units/week at 6 months ( p < 0.0001). A further significant decrease to 4,078 ± 2,467 units/week at 12 months was observed ( p < 0.0001). The control group showed no significant difference in the administration of ESA doses per week throughout the study period. At the 12-month time point, the required ESA dose per week was significantly lower in the levocarnitine group than in the control group ( p < 0.05).
In the levocarnitine group, ERI was 10.7 ± 7.3 at the beginning of the study and decreased significantly to 6.9 ± 5.2 at 6 months ( p < 0.0001) and to 6.4 ± 3.8 ( p < 0.0001) at 12 months ( Fig. 3 ) . In contrast, there was no significant change in ERI in the control group during the study period. ERI in the treatment group was significantly lower than that in the control group at 12 months ( p < 0.05) after the start of therapy. 
Other Clinical Variables and Adverse Effects
Iron supplementation was administered in 17 patients in the levocarnitine group and 13 patients in the control group during the study ( p = 0.309). There were no significant differences in the serum iron, transferrin saturation, and ferritin values within the groups or between the 2 groups after 12 months. Furthermore, there were no significant changes in lipid profiles, electrolytes, or intact parathyroid hormone levels within the groups or between the 2 groups after 12 months. There were no significant changes in systolic and diastolic blood pressures, heart rate, dry weight, cardiothoracic ratio, and ejection fraction within the groups or between the 2 groups after 12 months ( Table 2 ) . During the observation period, no patients in either group exhibited a significant increase in the occurrence of adverse effects, such as skin rash or gastrointestinal dysfunction. 
Discussion
To assess the effects of levocarnitine injections on renal anemia, we examined ESA requirements and ERI for 12 months. In the present study, ERI was significantly reduced in the levocarnitine group without increased hemoglobin levels. ERI, which is an index of resistance to ESAs, decreased to approximately half its initial value at 12 months after the start of therapy. The control group showed no significant changes in either ESA administration or ERI. Levocarnitine injection improved the response to ESAs in patients undergoing hemodialysis by maintaining hemoglobin levels and decreasing the required ESA dose.
The introduction of ESAs has led to great improvements in treating renal anemia. However, some patients with renal anemia have a low response to ESAs, meaning that they fail to reach the target hemoglobin or hematocrit values despite the administration of high doses of ESA. Various parameters are used to measure the response to ESAs. The JSDT 2008 guidelines for anemia in chronic kidney disease patients recommended the rHuEPO dose per week to be an index of ESA resistance [13] . European guidelines and a report that used recent data from the JSDT have examined the relationship between ESA dose and mortality [16, 17] . Other reports use a comparison of the rHuEPO dose per week with the hemoglobin or hematocrit values (rHuEPO doses · hemoglobin -1 · week -1 or rHuEPO doses · hematocrit -1 · week -1 ) as an index of anemia [18, 19] . Other indices include the rHuEPO doses · kg -1 · week -1 , which is used in the European guidelines [16, 20] . In recent years, rHuEPO · kg -1 · g -1 · dL -1 · week -1 [18, 21, 22] has been used more frequently. In our clinical trials, we examined ERI using ESA doses · kg -1 · g -1 · dL -1 · week -1 .
The association between carnitine and renal anemia has been investigated since before ESA therapy became available. Hurot et al. [9] and Trovato et al. [23] reported that the improvement of anemia was significantly better in a group treated with carnitine than in a placebo group, although the number of cases was small. Labonia [24] reported that the need for ESAs decreased as a result of carnitine administration. Matsumoto et al. [10] reported that when carnitine was administered to a group of patients with ESA-resistant anemia, anemia showed a tendency to improve. Matsumura et al. [11] reported that the dose of ESAs required was inversely proportional to serum carnitine levels. Wanic-Kossowska et al. [25] reported that a group that received a combination of carnitine and ESA showed improvement in anemia, reduction in ESA requirement, and improvement in red blood cell function as compared to groups that received only carnitine or only ESA. In addition, we have conducted a relatively large-scale study of hemodialysis patients in which 113 patients took oral levocarnitine [14] . We found that the required ESA dose had a tendency to decrease after the study began and decreased significantly in the treatment group compared with the control group at 12 months after the start of the therapy. Previous studies have reported that long-term supplementation with levocarnitine improves myocardial contractility and decreases left ventricular volume, accompanied by the amelioration of uremic anemia or improvements in uremic anemia by the administration of ESAs, which reduced the incidence of left ventricular mass index [26] . On the other hand, in the present study, ejection fraction values were not changed by levocarnitine therapy. This was possibly because many patients in the present study might have had preserved ejection fraction at baseline, and there were few patients with an increased cardiothoracic ratio at baseline. However, further studies are needed to clarify the efficacy of levocarnitine injection therapy with respect to cardiac function in patients with left ventricular hypertrophy or lowered cardiac function, since we could not assess left ventricular mass index in the present study.
In our previous study in which oral levocarnitine was administered, adverse reactions included fish odor syndrome and gastrointestinal intolerance; these were suspected to be associated with levocarnitine treatment, and a few patients were withdrawn from the study due to poor adherence to oral levocarnitine therapy. However, in the present study, none of the patients had adverse reactions to levocarnitine injection therapy. Trimethylamine N-oxide (TMAO) is a circulating organic compound produced by the metabolism of dietary levocarnitine and choline, which was recently found to directly induce atherosclerosis in rodents [27, 28] . Both levocarnitine and choline are metabolized by interstitial bacteria to trimethylamine, a metabolite which is absorbed from the intestine and subsequently oxidized via hepatic flavin monooxygenase enzymes to form TMAO [29] . Under normal physiological conditions, circulating TMAO is rapidly cleared from the bloodstream, almost exclusively by urinary excretion [30, 31] . Therefore, increased TMAO concentrations are correlated with coronary atherosclerosis burden and may be associated with long-term mortality in patients with chronic kidney disease undergoing coronary angiography [32, 33] . However, no reports have demonstrated that oral levocarnitine treatment would lead to the acceleration of atherosclerosis due to accumulation of TMAO in hemodialysis patients. Therefore, further studies are needed to clarify whether injection therapy of levocarnitine would be useful and safe as compared to oral therapy with regard to the accumulation of TMAO or acceleration of atherosclerosis in these populations.
Our study has several limitations. First, we did not measure serum carnitine concentrations, and the levocarnitine injection used was 1,000 mg in all patients and was administered after hemodialysis 3 times a week. Therefore, the appropriate dose of levocarnitine injection could not be determined in this study. In the future, an examination of the impact of the dose of the levocarnitine injection is necessary. Second, the number of patients included in the present study was relatively small, and we did not attain a ceiling of improvement in hemodialysis patient outcomes. Therefore, interventions such as levocarnitine therapy that specifically target measurable global outcomes, such as mortality, morbidity, and health care costs, require further consideration. Finally, this study was not double blinded. Therefore, an adequately powered, high-quality clinical trial, such as a prospective double-blind, randomized, controlled trial, is needed to clarify whether improvements in ESA responsiveness due to levocarnitine treatment lead to an improved prognosis.
In conclusion, this study showed that levocarnitine injection was useful for treating hemodialysis patients with renal anemia. Such patients might benefit from levocarnitine therapy because of the amelioration of ESA responsiveness and reduction in ESA dose. Large clinical studies are necessary to ascertain whether this therapy significantly impacts mortality and morbidity in patients undergoing hemodialysis.
